Introduction
Neural stem cells (NSCs), which can be obtained from either embryonic or adult central nervous system, 1 possess self-renewal ability and the potential to differentiate into all three neural lineages -neurons, astrocytes, and oligodendrocytes. 2 Therefore, NSCs are regarded as a potential source for the treatment of neurological dysfunctions such as Parkinson's disease, 3 Alzheimer's disease, 4 and stroke. 5 However, the lack of efficient procedures to regulate the proliferation and differentiation behaviors of NSCs limits the NSC survival or cell fate controlling in vivo. 6 Strategies to guide cell behaviors by recreating a biomimetic environment for NSCs have been developed. This requires functionalizing biomaterial substrates to provide physicochemical cues and/or biological signals.
Immobilizing biological molecules onto biomaterial substrates could be an efficient strategy for rendering biological signals, which results in manipulating NSC behaviors. 7 Biological molecules of interest include large extracellular matrix (ECM) proteins such as laminin (LN) that engage several integrin receptors of cell surfaces 8 which control NSC proliferation and differentiation. 9 Diverse methods such as physical adsorption and covalent chemical bonding have been applied to immobilize biological molecules on the surfaces of substrates. [10] [11] [12] [13] However, immobilizing biological molecules through physical adsorption yields unsatisfying results such as low surface adsorption efficiency and initial rapid diffusion.
14 Typical chemical approach requires tedious cross-linking procedures with organic chemical solution, which may destruct the surface feature of substrates and denature immobilized molecules. 15 Therefore, it is crucial to develop a simple and effective immobilization strategy.
Biomimetic apatite, a naturally occurring inorganic material, is currently widely used for biomedical applications 16 due to its non-toxicity, 17 excellent biocompatibility, 18 biodegradability, 19 and favorable affinity to plenty of molecules. 20, 21 Biomimetic apatite can be easily formed on various substrates, such as metallic materials, 22 polymeric materials, 23 and natural materials, 24 through biomimetic precipitation in a moderate condition. One of the important advantages of this biomimetic apatite is easy to control the dosage of biological molecules by simultaneous coprecipitation with apatite. 25 Multiple molecules could be coprecipitated into biomimetic apatite with controlled spatial localization, which could manipulate the release kinetics of biological molecules to regulate attached cell behaviors. 26 Our previous studies have reported that adhesion, proliferation, and osteogenic differentiation of mesenchymal stem cells were enhanced by dual loading of osteogenic growth peptide and fibronectin within biomimetic apatite, 27 and the proliferation of smooth muscle cell was inhibited by apatite/sirolimus composite layer. 28 Yamaguch et al 29 also demonstrated that biomimetic apatite formed on chitosan tube improved the nerve regeneration due to increased mechanical properties of chitosan tube by inner apatite coating. Now it is worth to investigate whether biomimetic apatite could serve as a carrier to affect NSC behaviors.
LN, one of the ECM components, which is continuously synthesized after nerve injury 30 and plays an important role in facilitating cell adhesion, proliferation, and neurite outgrowth, 31 was chosen in this study. Different amounts of LN were coprecipitated with biomimetic apatite (apatite/LN). Physiochemical characterizations of apatite/LN were analyzed by scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). The release kinetics and retention of coprecipitated LN were examined using fluorescent spectrophotometer and observed by confocal microscope. The effects of LN amount on NSC adhesion were evaluated. The cell morphology, proliferation, and cytotoxicity were also investigated. 
Materials and methods Materials

Preparation of biomimetic apatite and apatite/lN
As shown in Figure 1 , titanium substrates coated with biomimetic apatite or apatite/LN were prepared by alkali treatment 
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apatite/lN to regulate Nsc adhesion and proliferation and biomimetic precipitation, 27 as described previously. CaCl 2 solution (100 mg/L) was added to DPBS to prepare the modified DPBS (mDPBS) solution. Stock LN solution (1 mg/mL) was diluted to 5, 10, 20, and 40 µg/mL in mDBPS, and these diluted solutions were denoted as LN5, LN10, LN20, and LN40, respectively. The titanium substrates were first activated as below. Commercially pure titanium discs (grade IV, 10 mm in diameter, 2 mm in thickness) were ultrasonically washed in acetone, absolute ethanol, and distilled water for 15 minutes each and then soaked in 5 mL of 1 M NaOH solution at 140°C for 6 hours. For biomimetic apatite precipitation, the activated titanium was immersed in 5 mL of mDPBS at 37°C for 24 hours. For further coprecipitation of LN, the biomimetic apatite-coated titanium was immersed in 1 mL of diluted LN solution at 25°C for another 24 hours. The surface morphologies were taken from random fields of biomimetic apatite, apatite/LN5, apatite/LN10, apatite/LN20, and apatite/LN40 by SEM (Quanta 200; FEI Company, Philips, the Netherlands). The sizes of 15 independent flakes for each group were measured with ImageJ software.
amount of coprecipitated lN
The amount of coprecipitated LN was quantified by subtracting the amount of residual LN from that of the initially added LN using mBCA assay. Absorbance was measured at 562 nm using an ultraviolet/visible spectrophotometer (Shimadzu, Kyoto, Japan) and then was converted to LN concentration using an albumin standard curve. The surfaces of biomimetic apatite and apatite/LN were then evaluated by XPS (PHI-5300 ESCA, Physical Electronics, Inc., Chanhassen, MN, USA) to study the chemical composition. The data were acquired by using A1 Kα X-rays with the photoelectron take-off angle being set at 45°.
In vitro release of coprecipitated lN
To quantify the release kinetics of coprecipitated LN from biomimetic apatite, we chose FITC-LN as the FITC tag allowed LN amount to be measured through fluorescent spectrophotometry. The FITC-LN (20 µg/mL) was coprecipitated as previously stated in the "Preparation of biomimetic apatite and apatite/LN" section. Titanium substrates coated with apatite/FITC-LN were incubated in 1 mL of PBS at 37°C for 28 days under gentle orbital shaking (HNY-100D, Tianjin Honor Instrument Co., Ltd, People's Republic of China). At specific time points, the supernatant was completely collected and fresh PBS was replenished. The amount of released FITC-LN was measured at Ex/Em 495/519 nm by microplate reader (VL0000D0; Thermo Fisher Scientific).
The retention of coprecipitated FITC-LN within apatite after 28 days was imaged using confocal microscope (MRC-1024MP, Bio-Rad Laboratories Inc., Hercules, CA, USA) under excitation wavelength of 488 nm. For the control, sample was kept in air, and another sample was incubated in PBS solution for retention test. Using the Bio-Rad Radiance 2000 LaserSharp imaging program, a series of images was taken in 1-µm interval and the cross-section profile through the thickness of apatite/FITC-LN20 was obtained by stacking the series of images.
cultivation of Nscs
NSCs were propagated as described 32 with the neurosphere method. Single cells were suspended in growth medium containing basal medium, B27, penicillin-streptomycin, glutamine, epidermal growth factor (EGF, 20 ng/mL), basic fibroblast growth factor (bFGF; 20 ng/mL), and heparin (5 µg/mL) and then plated at a density of 2.0×10 5 cells/mL into a tissue culture flask. Cells were incubated in 37°C, humidified, 5% CO 2 environment. Every 3-5 days, floating cell aggregates were collected and dissociated into single cells by treatment with accutase and subcultured to form the secondary aggregates. Cells of passage 3-7 were used for further cell experiments.
Nsc adhesion and proliferation
Each biomimetic apatite-coated titanium disc was sterilized in 75% ethanol, washed with distilled water, and placed under ultraviolet light overnight. Experimental samples were prepared as mentioned in the "Preparation of biomimetic apatite and apatite/LN" section using sterilized solutions. Cells were seeded on samples at a cell density of 1×10 5 cells/mL. LN (20 µg/mL)-coated tissue culture-treated polystyrene (TCP) surfaces were used as a positive control (Ctr+), and non-coated surfaces were used as a negative control (Ctr-). For adhesion assay, initial cell adhesion was measured for 12-hour cultivation. After gently washing samples with PBS three times to remove non-adhered cells, the attached cells were measured by CCK8. Long-term proliferation was investigated by allowing cells to grow on samples for 3, 5, 7, and 10 days, with changing medium every 3 days. At predetermined time point, samples were assessed by CCK8 and observed by immunofluorescence staining.
Indirect cytotoxicity
Cytotoxicity was assessed using CCK8 and the live/dead viability/cytotoxicity kit, where NSCs were exposed to the extract mediums of biomimetic apatite and apatite/LN20 for 48 hours. To prepare the extract mediums for indirect cytotoxicity, NSC growth medium was incubated with biomimetic apatite or apatite/LN20 samples for 72 hours at 37°C. NSC growth medium was used as a negative control (Ctr-) and NSC growth medium with 0.64% phenol was used as a positive control (Ctr+). For the quantitative assay, NSCs viability was evaluated by CCK8 as described above. For the qualitative assay, cytotoxicity was analyzed using the live/ dead viability/cytotoxicity kit, according to the manufacture's protocol. 33 Briefly, at the end of 48-hour exposure, cells were washed with PBS followed by the addition of 2 µM Calcein AM and 4 µM ethidium homodimer (EthD-1). After incubation for 30 minutes at 37°C, the cells were observed under a confocal microscope (IX81-FV1000, Olympus Corporation, Tokyo, Japan), with excitation and emission of green (Ex/Em 494/530 nm for Calcein AM) and red (Ex/Em 528/645 nm for EthD-1) fluorescence.
Immunofluorescence staining
For immunofluorescence staining, cells were fixed with 2.5% glutaraldehyde for 30 minutes and permeabilized with 0.1% (v/v) Triton X-100 (in PBS) for 30 minutes. The cells were then blocked with 2% (v/v) serum albumin for 1 hour and incubated with primary antibodies overnight at 4°C. Cells grown in proliferative conditions were stained using mouse anti-nestin (1:200). Detection of primary antibodies was performed with FITC-conjugated goat anti-mouse antibodies at a 1:500 dilution for 1 hour. Cell nuclei were counterstained with DAPI. Immunofluorescence staining was observed under a confocal microscope.
statistical analysis
All quantitative data were obtained from two or more independent experiments with triplicate or quadrant repeats and expressed as the mean±SD. Tests of significance were performed using Student's t-test. The difference was considered statistically significant for a value of *P,0.05 and **P,0.01.
Results
seM examination
The surface morphologies of biomimetic apatite, apatite/LN5, apatite/LN10, apatite/LN20, and apatite/LN40 revealed by SEM ( Figure 2) were consistent with previous studies. 27 Both biomimetic apatite and apatite/LN displayed homogeneous porous structure composed of straight, flake-like, sharpedged units. The flake sizes of apatite/LN5 (8.65±0.90 µm in Figure 2B ), apatite/LN10 (9.44±0.99 µm in Figure 2C ), apatite/LN20 (9.79±0.69 µm in Figure 2D ), and apatite/LN40 (9.31±0.88 µm in Figure 2E ) were slightly larger than that of biomimetic apatite only (8.16±0.87 µm in Figure 2A ).
Quantification and release kinetics of coprecipitated lN
From the mBCA assay, the concentration of LN in mDPBS solution decreased after immersing biomimetic apatite-coated titanium for 24 hours. Table 1 The XPS spectra revealed the change in surface chemical compositions caused by coprecipitation of biological molecules ( Figure 3A) . The surface of biomimetic apatite presented typical photoelectron peaks, Ca 2p (346.88 eV), P 2p (132.88 eV), O 1s (530.78 eV), and C 1s (284.88 eV). The N 1s peaks (399.78 eV) originated from nitrogen components of LN were newly detected in the XPS spectrum from apatite with coprecipitated LN (apatite/LN5, apatite/LN10, apatite/LN20, and apatite/LN40). The magnified XPS spectrum of N peaks displayed that nitrogen intensity increased with increasing initial LN concentration in mDPBS solution. As shown in Figure 3B , XPS quantitative analysis demonstrated that the contents of nitrogen and carbon increased owing to the presence of LN, while contents of calcium and phosphorus from the underlying layer decreased. All the The retention of the immobilized protein is critical for practical application. We investigated the release kinetics and retention of coprecipitated FITC-LN at a biological environment. Titanium substrates coated with apatite/FITC-LN20 were immersed in PBS solution for 28 days. The release kinetics of FITC-LN from biomimetic apatite is depicted in Figure 4A . The FITC-LN was released stably and constantly. After 6 and 12 hours, 1.61%±0.20% and 1.73%±0.18% of coprecipitated FITC-LNs were released into PBS solution, respectively. Even after 28 days, only approximately 20.72% of FITC-LN immobilized within biomimetic apatite was released into the solution. The fluorescent images in Figure 4B shows the change in cross-section profiles, which were acquired by stacking a series of images obtained through The detailed NSCs adhesion was further observed on biomimetic apatite and apatite/LN20 for 12 hours by SEM ( Figure 5B ). The NSCs could spread well on both biomimetic apatite and apatite/LN20. However, cells adhered on apatite/LN20 exhibited more processes (shown as red circle in Figure 5B ) than that on biomimetic apatite.
short-and long-term Nsc proliferation
To determine whether LN coprecipitated apatite can support short-and long-term NSC culture, the proliferation of NSCs cultivated on biomimetic apatite and apatite/LN20 in growth medium over 10 days was investigated. At the predetermined time point, the viability of NSC cultivated on biomimetic apatite and apatite/LN20 was evaluated by CCK8 ( Figure 6 ).
After 3-and 5-day cultivation, NSCs proliferated with significantly higher cell numbers on positive control compared to biomimetic apatite, apatite/LN20, and negative control. Around 50% more NSCs were found on the surfaces of apatite/LN20 than on biomimetic apatite and negative control. The viabilities of attached NSCs continued to increase on day 7 and day 10 (except negative control), which indicated that most NSCs remained viable and kept proliferating. The level of proliferation revealed by apatite/LN20 caught up and became comparable to that of positive control. The biomimetic apatite samples even showed significant increase in NSC proliferation compared to negative control.
Nsc cytotoxicity
We further investigated the NSC cytotoxicity of biomimetic apatite and apatite/LN20 by means of CCK8 and the live/ dead viability/cytotoxicity kit. As shown in Figure 7A , CCK8 assay of NSC exposed to extract mediums revealed that cell viability compared with negative control was 91.05% and 92.16% for biomimetic apatite and apatite/LN20, respectively. This was higher than the threshold for cytotoxicity, which has been set at 70% according to the ISO standard (ISO: 10993-5:2009 [9] ). 34 The live/dead viability/cytotoxicity kit provides a twocolor fluorescence in cell viability test. 35 Live cells with intracellular esterase activity could converse the non-fluorescent cell-permeant Calcein AM to fluorescent calcein, which show green fluorescence. 36 On the other hand, EthD-1 enters dead cells with damaged membranes and undergoes enhancement of fluorescence with binding to nucleic acids, thereby producing red fluorescence in dead cells. 37 Figure 7B shows live (green)/dead (red) stain of NSC in contact with extract 
Initial cell adhesion
NSCs were seeded on biomimetic apatite and apatite with coprecipitated LN (apatite/LN5, apatite/LN10, apatite/ LN20, and apatite/LN40) in growth medium for a period of 12 hours, and the results of cell adhesion are summarized in Figure 5 . A very small extent NSCs attached onto surfaces of negative control and biomimetic apatite. For apatite/LN5, the extent of adhesion was slightly higher with no statistical significance than biomimetic apatite. For apatite/LN10, apatite/LN20, and apatite/LN40, significantly higher cell adhesion was observed, but still lower than positive control. Notably, the NSC adhesion increased with increasing amount of coprecipitated LN, even though the extents of NSC adhesion between apatite/LN20 and apatite/LN40 were comparable (P>0.05). So we chose apatite/LN20 for the further cell experiments.
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apatite/lN to regulate Nsc adhesion and proliferation mediums of biomimetic apatite and apatite/LN20 for 48-hour incubation. For biomimetic apatite and apatite/LN20, green fluorescence emission signal was dominated and comparable with negative control, indicating that our substrates supported NSC adhesion and proliferation without cytotoxicity.
Discussion
NSCs have emerged as an attractive cell source for cell therapies and tissue engineering applications that treat traumatic injury and degenerative disease of nervous system. 38 However, the number of living transplanted NSCs decreased rapidly due to the lack of physicochemical cues and/or biological signals in surrounded microenvironment. 39 Therefore, functionalizing substrates with biological molecules, such as polymer, peptide, or proteins, can provide artificial microenvironments to enhance NSC adhesion and growth by promoting cell-substrate interactions. 40 Several Figure 5 Nscs adhesion on surfaces of biomimetic apatite and apatite with coprecipitated lN (apatite/lN5, apatite/lN10, apatite/lN20, and apatite/lN40) samples in growth medium after 12-hour culture. Notes: (A) attached cells were assayed by ccK8. Values are represented as mean±sD (n=3). Statistical significance relative to the group of biomimetic apatite: *P,0.05; **P,0.01. (B) seM images of Nscs attached on biomimetic apatite and apatite/lN20. The red circle pointed the processes from the cell body. scale bar is 5 µm in length. Abbreviations: ccK8, cell counting Kit-8; ctr+, positive control; ctr-, negative control; lN, laminin; Nsc, neural stem cell; seM, scanning electron microscopy. 
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luo et al studies demonstrate that substrates modified with ECM proteins or derived peptides by physical adsorption or covalent bonding could support adhesion and proliferation of NSC. However, these approaches remain challenging because of rapid diffusion in fluids 14 or complicated procedures, 15 respectively. Biomimetic apatite has attracted much interest for biomedical applications due to its instinct properties such as excellent biocompatibility, non-toxicity, and high affinity to many biological molecules. 41 Previous studies showed that coprecipitation of biological molecules with biomimetic apatite is an efficient and simple method to bio-functionalize diverse substrates. [42] [43] [44] However, it has not been explored for NSC behaviors yet.
LN, one of the ECM glycoproteins, is important for neural development by promoting cell adhesion, proliferation, migration, and neurite outgrowth. 45 Herein, we immobilized LN within biomimetic apatite by the coprecipitation approach to modulate NSC adhesion and proliferation. It has been confirmed that the degradation of biomimetic apatite in neutral solution, 46 together with diffusion of molecules from biomimetic apatite, 28 can successfully control the slow release of LN for long term (28 days; Figure 4 ). This indicated that coprecipitation of biological molecules within biomimetic apatite may provide spatial control of NSC behaviors through a stable and constant dosage of immobilized molecules, which is rare to be achieved through the physical adsorption approach. 47 The initial attachment of NSCs is a crucial early step in the proliferation and migration of NSCs and consequent tissue response in vivo. 48 The biomimetic apatite displaying LN at various amounts were assayed for NSC adhesion. The achieved amounts of coprecipitated LN (except apatite/LN5) were high enough to improve NSC adhesion, and it was dependent on LN coprecipitated amount ( Figure 5A ).
The promotion of NSCs proliferation will be critical to the clinical application of cell therapy or tissue engineering strategy. 49 For the short-term (day 3 and 5) cultivation, in which cell-cell interaction is still weak and cell-surface interaction is favored, 50 the number of cells increased significantly relative to the initial cell attachment. At this early stage, the proliferation level of positive control was much higher than 
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apatite/lN to regulate Nsc adhesion and proliferation that of biomimetic apatite and apatite/LN20. In long-term (day 7 and 10) NSC proliferation, the quantitative results (CCK8 data) indicated that apatite/LN20 could improve NSC proliferation to a similar extent as positive control, implying that cell-cell interaction gradually dominated with cell proliferating.
In the immunofluorescence images as show in Figure 8 , the NSCs on all surfaces were immune positive for nestin, which indicated that NSCs were still undergoing proliferation in an immature state. But there were distinguishing differences in cell morphology on each sample. As cells did not attach strongly to negative control, very few proliferated cells were observed on both day 7 and 10. On the surface of biomimetic apatite only, few cells on day 7 and more proliferated cells but aggregated on day 10, similar to the behaviors of NSC growth in suspension, were observed, indicating poor adhesion to biomimetic apatite. On day 7, NSCs adhered well as single cells on both apatite/LN20 and LN-coated TCP (positive control) to form a uniform monolayer. On day 10, the amount of physically adsorbed LN on TCP decreased to an insufficient level for stable cell adhesion, by regularly changing culture medium every 3 days and washing sample thoroughly for fluorescent staining. The bare region was partially exposed on positive control due to the detachment or retraction of NSCs, which was also observed by Ananthanarayanan et al. 51 The majority of proliferated cells on apatite/LN20 remained and adhered firmly, as the sustained release of LN from biomimetic apatite provided stable cell-surface interaction for cell proliferation in a prolonged cultivation.
For biomedical applications involving NSCs, surface modification that provides stable cell surface adhesion and promotes cell proliferation is crucial. 52 Covalent chemical conjugation has been applied to immobilize biological molecules, such as collagen type I, 53 TATVHL peptide, 54 and nerve growth factor, 15 onto supported substrates to facilitate NSC adhesion and improve proliferation. However, these methods require complicated and multistep chemical procedures, which result in batch-to-batch variation, molecule denaturation, and substrate toxicity. 55 The present study illustrates that the biomimetic apatite with coprecipitated LN is neither cytotoxic nor has negative influences on NSC adhesion and proliferation. Therefore, loading biological molecules within biomimetic apatite through the simple and reproducible coprecipitation approach is promising for neural-related applications.
Conclusion
Biomimetic apatite was formed as a carrier to functionalize substrates with LN through the coprecipitation approach. The flake size of apatite slightly increased with the amount of coprecipitated LN. Apatite/LN20 showed the optimal NSC adhesion and well-spread cell morphology. The apatite/LN20 also supported NSC proliferation without causing any NSC cytotoxicity. As a result of sustained LN release form apatite/ LN20, a more stable monolayer of NSCs was observed than LN-coated TCP. Therefore, surface modification of neural scaffolds or implantable devices by coprecipitating biological signals within biomimetic apatite is promising for neuralrelated applications.
